Introduction
Metalloporphyrins display special spectral and coordination features [1, 2] . Their advantageous photoinduced properties can also be exploited in various photocatalytic procedures [3, 4] . Water-soluble derivatives can be utilized in environmentally benign systems not containing organic solvents.
Kinetically inert in-plain metalloporphyrins, in which the metal center is coplanarly located in the cavity of the ligand, may offer promising possibilities for realization of photocatalytic systems based on outer-sphere electron transfer [5] . The so-called hyper-porphyrins can be particularly interesting in this respect, due to their distorted structure, which may increase the (photo)redox reactivity of these complexes. In these complexes the metal center is smaller than the ligand cavity, hence it shrinks the porphyrin ring, resulting in a saddle or ruffled distortion.
Metal ions can be located out of the ligand plane too, resulting in kinetically labile out-ofplane (OOP or sitting-atop=SAT) complexes with dome-distorted structure, displaying typical photophysical and photochemical properties [3, 6] . Besides, the OOP position promotes the formation of bis-or oligoporphyrins [7] . Lanthanide(III) complexes can be typical examples of metallo-oligoporphyrins, in which the π-π interaction depends on the distance between the macrocycles, strongly influenced by the size of the metal center [8, 9] . Therefore, lanthanide(III) ions are good candidates for fine tuning of the out-of-plane distances, due to the lanthanide contraction.
The typical in-plane metalloporphyrins show blueshifts in the Soret-range compared to the corresponding free-base porphyrins because the atomic orbitals of their metal center covalently bonded in the plane can overlap more strongly with the occupied molecular orbitals (the highest in energy is the HOMO) of the ligand, resulting in a stronger reduction in energy; while the unoccupied MOs (the lowest is the LUMO) do not change. Accordingly, the energy gaps between the excited and ground states increase.
In the out-of-plane complexes, the atomic orbitals of the more weakly bonded metal ions may slightly influence the unoccupied MOs and lesser the occupied ones, resulting in the decrease of the energy gaps, i.e. the increase of the corresponding wavelengths.
The aim of this review is to exemplify the considerable difference between the photoinduced features of the kinetically inert in-plane and the labile sitting-atop (SAT) or out-of-plane (OOP) complexes, due to their fundamental constructional deviation. Fig. 1 shows the structures of the anionic and cationic porphyrins involved in this work. In the case of the cationic porphyrins, additionally (beside the methyl) hexyl and dodecyl derivatives were also investigated. 
Photophysics and photoredox chemistry of water-soluble in-plane metalloporphyrins
In the case of most of the in-plane metalloporphyrins the size of the metal center corresponds to that of the ligand cavity, thus it is located in the porphyrin plane and does not distort it. However, if the ionic radius (ri) of the central metal is significantly smaller than the core of the porphyrin, i.e. ri < 70 pm, it shrinks the ligand and, hence, causes its distortion. The type of such a distortion may be saddle, wave or ruffled. This structural change, compared to the normal in-plane metalloporphyrins, considerably modifies the visible absorption spectrum of these complexes, especially in the range of the Soret-bands. While the Soret-bands of most of the in-plane metalloporphyrins display blue shifts compared to those of the corresponding free bases, due to electronic interactions between the ligand and the metal center, the distorted ones exhibit red shifts in this respect. Thus, as a distinction, since the spectra of these complexes could not be interpreted by the 4 MO theory of Gouterman, they have been classified as hyper-porphyrins [10, 11] . The porphyrin complexes of manganese(III) (ri =58 pm, low-spin), cobalt(III) (ri = 55 pm, low-spin), and nickel(II) (ri = 63 pm, low-spin) [12] belong to this group [13] . Some photophysical and photoredox properties of cationic porphyrin complexes of these metal ions will be discussed in the following sections. [14, 15] earlier. It was generally accepted that the highly distorted porphyrin complexes with diamagnetic metal center do not display appreciable fluorescence at room temperature. Accordingly, porphyrin complexes of low-spin Mn(III) and Co(III) were considered to be very weakly fluorescent. However, current investigations using a more sensitive equipment indicated that both Mn(III)TMPyP 5+ and Co(III)TMPyP 5+ display a characteristic fluorescence in the 600-750-nm range (Fig 2) , which is more than an order of magnitude weaker (fl = 1.110 -4 and 1.410 -3 for the Mn(III) and Co(III) complexes, respectively [16, 17] ) than that exhibited by the corresponding free base (0.047 [18] , 0.030 [19] ). The shorter emission lifetimes of these complexes are also in accordance with this tendency caused by both electronic and steric interactions between the metal center and the ligand in these hyper-porphyrins. [16, 17] .
Photophysics and photoredox chemistry of cationic manganese(III) and cobalt(III
The fluorescence bands shown in Fig 2 can be assigned as S1S0 transitions (with various vibrational states). The fluorescence bands of metalloporphyrins (both for in-plane and for out-of-plane complexes) are blue-shifted and less intense compared to those of the corresponding free-base porphyrin. The same spectra were obtained at Q-band excitations, confirming that they are the results of S1S0 transition.
Elongation of the alkyl chain on the pyridinium substituent (from methyl to hexyl or dodecyl) in the case of the cationic manganese(III) porphyrins resulted in a significant (about an order of magnitude) increase in the fluorescence quantum yield (to 1.410 -3 [16] ), while for the corresponding free bases just a moderate decrease within the same order magnitude was observed [20] .This phenomenon may be attributed to the stronger electron-donating property of the longer hydrocarbon chains. In the solution of a cationic surfactant (cetyltrimethyl ammonium) providing a micelle:Mn(III)-porphyrin ratio > 1, the fluorescence lifetime decreased upon increasing the length of the alkyl chain (3.40 ns, 3.03 ns, and 2.30 ns for methyl, hexyl, and dodecyl deriavtives, respectively). This tendency, which is just the opposite of the change observed in the homogeneous aqueous system, can be attributed the increasing hydrophobic interaction between the alkyl chains of the surfactant in the micelles and those of the substituents on the porphyrins.
Photochemistry
Both Mn(III)TMPyP 5+ and Co(III)TMPyP 5+ were applied in various photocatalytic systems. The cobalt(III) complex proved to be more efficient in oxidation of the sulfide content of a wastewater to sulfate, at Soret-band excitation [21] . It could also be used for oxidative splitting of DNA in the presence of suitable electron acceptors [22] . Mn(III)TMPyP 5+ was utilized in photocatalytic oxygenations of various hetero-bicyclic organic compounds such as furan and thiophene derivatives [23, 24] . In the latter cases, the corresponding manganese(V)-oxo species was suggested to play the key role in the oxidation process. While the mechanism of the photocatalytic oxidations and oxygenations has not been investigated in detail, photoreductive catalyses based on these metalloporphyrins were more thoroughly investigated.
Utilizing ethylenediaminetetraacetate (EDTA) or triethanolamine (TEOA) as sacrificial electron donors and methylviologen (MV 2+ ) as an acceptor, photocatalytic systems were realized for generation of MV + , using cationic manganese(III) [3, 25, 26] and cobalt(III) [17] porphyrins. Current investigations indicated that application of a longer alkyl chain on the pyridinium substituent increases the efficiency of the MV + accumulation. Thus, e.g., the corresponding hexyl derivative (Mn(III)THPyP 5+ ) proved to be significantly effective than the well-known methylated species (Mn(III)TMPyP 5+ ) [16] .
However, although the photocatalytic formation of MV + of characteristic bands at 398 and 605 nm [27] is relatively fast (Fig 3) and the system persisted for several hours, the decomposition of the catalyst is more significant than in the case of Mn(III)TMPyP 5+ . This phenomenon is probably the consequence of the increased electron donating character of the substituent promoting the ligand-to-metal charge transfer, irreversibly oxidizing the porphyrin ring. Application of cationic micelles moderately increased the stability [16] . Both the reduction of the metal center of the catalyst (with a sacrificial electron donor) and the oxidation of its reduced form (with an appropriate acceptor) needed photoexcitation. The same behavior was displayed by the corresponding cobalt(III) complex [17] , and thus the two steps can be described by the following general equations.
The quantum yields for the formation MV •+ at Soret-excitation are comparable for the systems based on these two metalloporphyrins ( andthey may be considerable for the application of these systems for hydrogen generation from water.
The Soret-band of the complex with the reduced metal center (M(II)) formed in reaction (1) is blueshifted compared to that of the M(III) porphyrin for both manganese [25, 26] and cobalt [17, 28] , due to the larger ionic radii of the previous ones (89 pm for Mn(II) and 75 pm for Co(II) [12] ). The singlet excited states of the cationic Mn(III) and Co(III) porphyrins are very short-lived (fl < 7 ns) for an efficient quenching with TEOA (in Eq. 1). Their triplet states (Fig. 4) [16, 17] .
A similar situation must be valid for the reactions between MV 2+ and the triplet excited state of the corresponding reduced (Mn(II) and Co(II)) porphyrins (Eq. 2).
Cationic porphyrins of both manganese(III) and cobalt(III) proved to be function in the catalytic cycle containing TEOA and MV 2+ in the same way, which is summarized in Scheme 1.
Scheme 1.
Photocatalytic cycle based on cationic manganese(III) or cobalt(III) porphyrins.
Photophysics and photoredox chemistry of a cationic nickel(II) porphyrin 2.2.1 Photophysics
Deviating from the corresponding manganese(III) and cobalt(III) porphyrins, Ni(II)TMPyP 4+ displays a double Soret-band in aqueous solution (see in Fig 5) , due to its two spin states in equilibrium [29] . The low-spin metal center is characterized with a square planar coordination sphere, while the high-spin Ni(II) with an octahedral one. The Soret-band of the latter species appears at 449 nm, while that of the low-spin complex can be found at 420 nm (very close to the Soret-band of the free-base ligand). Similarly to the corresponding cationic Mn(III) and Co(III) metalloporphyrins, also Ni(II)TMPyP 4+ displays a characteristic fluorescence upon excitation at the Soret-bands [30] . Interestingly, the shape and the position of the emission spectra do not significantly depend on the excitation wavelength, and they well agree with those of the Mn(III)TMPyP 5+ and Co(III)TMPyP 5+ complexes. This phenomenon suggests that the excited state from which the S1 fluorescence originates is the same in both cases, no matter which ground state (low-spin or high-spin) was excited. Nevertheless, the fluorescence lifetimes slightly deviate: 1.36 ns for the square planar and 1.19 ns for the octahedral complex. The quantum yield of the fluorescence (fl = 2.010 -3 ) is in the same order of magnitude as that of Co(III)TMPyP 5+ (9.910 -4 ). The higher value can be attributed to the larger ionic radius causing smaller distortion (shrinkage) of the porphyrin ring as also indicated by the location (less redshift) of the Soret-bands.
Photochemistry
Similarly to the cationic manganese(III) and cobalt(III) porphyrins, a photocatalytic system was realized with Ni(II)TMPyP 4+ too in presence of MV 2+ and TEOA in argon-saturated aqueous solutions at room temperature (Fig. 5) . However, in this case the spectral behavior of the system is significantly different from that observed with the corresponding Mn(III) and Co(III) porphyrins under similar conditions. In those systems two photochemical steps were involved in the photocatalytic cycle producing methylviologen [3, 16, 17] . During the irradiation of the nickel(II) porphyrin system, however, the accumulation of MV + was not accompanied by any change in the spectrum of the photocatalyst (Fig 5) . The quantum yield for the formation of MV + proved to be less than those for the Mn(III) and Co(III) porphyrins ( = 0.011 at pH 8.4). At pH 10 it increased to 0.013. One can expect the formation of the highly instable Ni(I) porphyrin (or reduced nickel porphyrin), which relays the electron in a fast thermal process. Such a reduced complex could only be formed via triplet excited state quenched by TEOA as in the cases of the manganese(III) and cobalt(III) porphyrins. In fact, time-resolved laser flash photolysis investigations confirmed the formation of triplet excited state of the Ni(II)TMPyP 4+ photocatalyst (Fig 6) [30]. Interestingly, its lifetime (6.31 μs) did not decrease upon addition of 1.0 × 10 -3 M TEOA, moreover it increased to 31.6 μs. This phenomenon indicated that TEOA connects to the ground-state complex, and the excited triplet state of this associate is much longer than that of the nickel(II) porphyrin alone. Additionally, the triplet state of this associate could be efficiently quenched with MV 2+ (Fig 6, inset) . The rate constant for this process was determined to be kq= 9.9×10 6 s -1 M -1 . Accordingly, deviating from the corresponding Mn(III) and Co(III) system, in the case of the nickel(II) porphyrin the electron transfer from TEOA to MV 2+ takes place directly in one step, due to the ground-state association of the electron donor and the photocatalyst (Eqs. 5, 6).
On the basis of this mechanism, the photocatalyst in this case is practically a special sensitizer which immediately transmits its excitation energy to the electron donor, promoting the direct charge transfer towards the acceptor.
Photophysics and photochemistry of water-soluble out-of-plane lanthanide(III) porphyrins
Larger-sized metal ions are not able to coplanarly fit into the cavity of the porphyrin ring, hence they form OOP or SAT complexes with dome-distorted structure, thermodynamic instability, kinetic lability, typical photophysical features, and photochemical reactivity [3, 11] . Lanthanide(III) ions offer good opportunities for fine tuning of the out-of-plane distance, utilizing the monotonous decrease of their radii from 116 pm to 98 pm (at coordination number 8) upon increasing atomic numbers [12] . Additionally, they prone to form bis-or oligoporphyrins [31, 32, 33] , the photoinduced properties of which strongly depend on the π-π interaction between the macrocycles. Notably, porphyrins are able to efficiently sensitize the near-infrared luminescence of lanthanide ions, which can be widely applied from telecommunication to biomedical optical imaging [34, 35] . Besides, lanthanide(III) porphyrins may be applied for photocatalytic hydrogen production from water because their reduced metal centers (Ln(II)) formed in photoinduced LMCT processes (typical for OOP complexes [36, 37] ) have considerably high negative redox potentials (except for europium) [38] . In this section, we survey the photophysical and primary photochemical properties of the complexes between a water-soluble, anionic porphyrin, the 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (H2TSPP 4- ) and three early lanthanide(III) ions (Ln = La, Ce, Nd).
Photophysics
Lanthanide(III) ions are hard Lewis acids, therefore their insertion into the coordination cavity of the tetradentate, N-donor porphyrin ligand is a very slow process in aqueous solution [9, 39] . It is partly the consequence of the strong Ln(III)-H2O bond. Accordingly, a harder Odonor ligand, such as acetate, can hinder the coordination of the second porphyrin to the metal ion [34, 35, 38, 39] . In the absence of acetate, bisporphyrin (Ln3TSPP2 3-) can form too, which has slightly redshifted and broadened absorption bands, compared to those of the monoporphyrin (Fig. 7) . III   TSPP  3-and La   III  3TSPP2 3-, the corresponding complexes of other lanthanide(III) ions, such as Ce(III) and Nd(III), display typical OOP absorption spectra [40, 41] , with redshifted bands compared to those of the corresponding free base (Table 1) . These complexes display characteristic singlet-1 fluorescences, which are blueshifted, less intense and shorter-lived related to the free-base porphyrin ( Fig. 8 and Table 1 ), due to the dome distortion.
Similarly to La

Fig 8.
Singlet-1 fluorescence spectra of lanthanum(III) mono-and bisporphyrin. Adapted from ref [9] .
A paramagnetic metal ion can perturb the molecule orbitals of the macrocycle or can cause the disappearance of fluorescence by spin-orbit coupling only if it is in the ligand plane. Hence, the emission properties of the Ce(III) and Nd(III) porphyrins are very similar to those of the La(III) porphyrins [9, 40, 41] . Besides, the fluorescence of lanthanide(III) bisporphyrins is much like that of the monoporphyrins, only its quantum efficiency is slightly lower, probably due to the weak π-π interactions between the two macrocycles. This is a clear indication of the tail-to-tail dimerization of two metallo-monoporphyrin complexes through a metal bridge, deviating from the head-to-head connection, i.e., sandwich complexes (Fig. 9) . In the latter case the absorption bands would show much larger redshifts as well hyperchromicities, and the fluorescence would be much weaker, nearly disappear during the formation of bisporphyrin) as with the (parallel) head-to-tail dimer of the protonated porphyrin, (H4TSPP 2-)2 [42] , and the typical OOP, sandwich-type bisporphyrins of mercury(II) ion: (parallel) head-to-tail Hg The tendency of the fluorescence quantum yields in Table 1 clearly shows that not the number of the unpaired electrons, but the size of the metal center is the key factor in this case. The lanthanide contraction as steric effect results in shorter out-of-plane distances, accordingly, less dome-distorted structures, which can cause the increase of the emission efficiency.
Photochemistry
In the lanthanide(III) porphyrins, the out-of-plane location of the metal center promotes two types of photochemical reactions, which are not characteristic for the in-plane complexes [3, 38] : 1) photoinduced demetalation (without any charge transfer), due to the lability of the complex; 2) oxidative degradation of the porphyrin ring, initialized by an irreversible, photochemical LMCT reaction. The reduction of the metal center increases its size (along with the decrease of its charge density), promoting the split of the coordinative bonds. The released metal ions of enhanced reduction potential can undergo further redox reactions, depending on their stability in the given medium. Thus, in aqueous solution, they can produce hydrogen from water. The oxidized porphyrin, an ionic radical, is a very strong base, which is immediately protonated, forming a long-lived and relatively strong oxidizer (in oxygen-free solution τ1/2>>1 ms, E1/2>1 V) [44] . In the absence of appropriate electron donors (such as alcohols or aldehydes) needed for the regeneration of the porphyrin ligand, an overall fourelectron oxidation takes place, leading to ring-opening and formation of a dioxo-tetrapyrrole derivative (bilindione) [3, 44] . This transformation (degradation) of the macrocyclic ligand is manifested in the disappearance of the Soret-band (Fig. 10) . [38, 40] .
In the presence of acetate, i.e. during the photolysis of Ln(III) monoporphyrins, the photoinduced dissociation of the metal ion (without charge transfers) takes place only in 14-20 % from the total photochemical reactions (Table 1 ). In the absence of acetate, the lanthanide(III) mono-and bisporphyrins exist in equilibrium in aqueous system, moreover free-base ligands may also remain because of the lower stability constants; hence, during the photolyses, they are simultaneously excited. Beside the photoredox degradations to the mentioned, open-chain photoproducts and dissociation to the free-base porphyrin, photoinduced transformation between the mono-and bisporphyrin complexes takes also place in these systems, affecting the equilibria between the complexes in photostationary state. Photoinduced dissociation in these systems proved to be reversible; the released free-base porphyrin converted to the lanthanide(III) complexes again within some days in the dark.
The overall quantum yields of the primary photochemical processes of these OOP complexes, i.e., the oxidation of the porphyrin ligand, are two orders of magnitude higher than those of the free-base or the in-plane metalloporphyrins (~10 -6 in [3, 43] ) as a consequence of the increased irreversibility of the photoinduced charge transfer from the ligand to the metal center in out-of-plane position.
The overall photochemical quantum yields monotonously increased with the concentration [9, 38, 40] . This phenomenon suggests that a bimolecular excited state (excimer formation), or dark reactions following the excitations, or the primary photochemical steps involve groundstate lanthanide(III) porphyrin complexes. This is in accordance with the observation that the oxidized ligand (radical) reacts further, through several redox steps, forming its final openchain bilindion derivative.
Only small differences appeared during the photolysis experiments of lanthanide(III) monoand bisporphyrin complexes. This phenomenon may confirm the special type of aggregation through the peripheral sulfonato substituents (tail-to-tail) because in the case of post-transition metal ions (head-to-head) the differences are much higher, mainly in the range of Q-bands [40] .
The irradiation wavelength does not significantly influence the overall quantum yield as it was found for the cerium(III) porphyrins [38, 40] . However, the type of the photoproducts considerably depends on the excitation energy. During the photolysis at the Soret-band, a radical type intermediate can be detected (at 450 nm), which disappears in dark (Fig. 11) . However, the photolysis at the Q-bands (555 nm) results in the formation of a new, stable photoproduct ( Fig. 12) , which was not observed earlier in the case of the porphyrin complexes of post-transition metal ions [3, 43] . The absorption band at 590 nm may be assigned as a charge transfer in the complex between cerium(III) and the open-chain, dioxo-tetrapyrrole derivative (bilindion) [3, 44] formed in the irreversible oxidation of the ligand in LMCT process. Adapted from ref [38] .
On the basis of the lanthanide contraction, one can expect a monotonous decrease of the photochemical activities of the corresponding mono-and bisporphyrin complexes of metal centers with increasing atomic number, due to the decreasing out-of-plane distance, hindering the possibility of the photoinduced charge separation following LMCT. However, a small increase can be observed with these three lanthanide(III) ions, mainly for their bisporphyrin complexes (Table 1 ). This tendency suggests that the increasing out-of-plane distance causes an other, opposite effect too. That may be the hindrance of the electron transfer from the porphyrin ligand to the metal center, i.e. the step before the charge separation. Hence, a maximum value can be expected upon further increasing the atomic number, followed by a decreasing section of .
The overall photochemical quantum yield quasi-linearly increases with the concentration of ionic strength adjustors (acetate, perchlorate) due to the enhanced possibility of the charge separation following the photoinduced LMCT process, mainly in the case of bisporphyrins as it was observed for the neodymium(III) complexes [41] . Furthermore, the presence of acetate, as a potential axial ligand, hinders the photodissociation of the metal center from the monoporphyrin complex as a consequence of trans effect of the axially coordinated ligand, strengthening the M-N coordinative bonds.
Summary and conclusions
In this paper we summarized the results of investigation of some visible light-induced photophysical and photochemical features of water-soluble anionic and cationic metalloporphyrins. The main goal of these studies was to demonstrate the significant difference between the properties of the kinetically inert in-plane and the labile sitting-atop (SAT) or out-of-plane (OOP) complexes, due to their essential structural deviation.
As special representatives of the in-plane metalloporphyrins, cationic manganese(III), cobalt(III), and nickel(II) complexes were studied. The size of these metal centers are considerably smaller than the ligand cavity, hence they shrink the porphyrin ring, causing its distortion. Due to this effect, the UV-vis absorption spectra of these complexes deviate from the other (normal) in-plane metalloporphyrins and show similarities to those of the OOP types. The photochemical behavior of these hyper porphyrins, however, is characteristic of the kinetically inert complexes, the excited triplet state of which can be dynamically quenched with a suitable electron donor (TEOA) to reduce the metal center as in the case of the cationic Mn(III) and Co(III) porphyrins. Deviating from these complexes, the corresponding Ni(II) porphyrin forms an associate with this electron donor, preventing the dynamic quenching. But the long-lived triplet excited state of this associate is oxidatively quenched with methylviologen (MV 2+ ), realizing a one-step photoinduced electron transfer between the donor and acceptor. Thus, Ni(II)TMPyP 4+ can be considered as a sensitizer in this system, while in the case of the manganese and cobalt porphyrins electron transmission from the reduced metal center toward the acceptor, also via outer-sphere mechanism, needs the absorption of another photon. From the viewpoint of photoredox behavior, OOP complexes undergo inner-sphere LMCT reactions, instead of outer-sphere electron transfer. In these cases anionic porphyrin ligands are much more favorable than the positively charged ones. Lanthanide(III) ions as metal center of these complexes offered the possibility of tuning the out-of-plane position due to their contraction as a function of the atomic number. Besides the formation of mono-and bisporphyrins, they exhibit excitation wavelength-dependent photochemical behavior upon irradiation at the Soret-or Q-bands. 
